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selectively depresses the motivation
to move, Gal and Libersat [2] used
paradigms typically applied to test
mammalian behaviors. Cockroaches
were placed in a ‘Shuttle box’ in
which shocks were delivered to the
feet to elicit escape. The threshold for
eliciting walking was significantly
raised in cockroaches that had
previously been stung and walking
could not be elicited in 18% of those
preparations. However, righting
behavior, in which a cockroach is
placed on its back and turns upright,
was not affected in cockroaches that
had been stung [2].
Does the venom directly affect the
motor outputs of the pattern
generators for locomotion?
Cockroaches will use their legs to
swim when placed in water to avoid
drowning. The parameters of leg
movements in swimming, such as the
ratio between the durations of power
stroke (stance) and return stroke
(swing), are similar to those seen in
walking. Cockroaches that had been
stung by wasps swam following water
immersion, although the durations of
episodes of swimming were reduced,
compared to controls. In addition,
motor neurons to some leg muscles
show comparable patterns of activity
in both swimming and walking. The
activities in these motor neurons were
similar in swimming of intact and
stung cockroaches. Thus, these
results are consistent with the idea
that the injection of venom into the
brain specifically decreases the ability
of the cockroach to initiate walking
movements, even though the basic
circuitry in the thoracic ganglia for
producing rhythmic leg movements
remains intact [2].
These results have interesting
clinical correlates in humans.
Decreases in the spontaneous initiation
of movements are thought to occur in
a number of human disorders that are
attributable in part to decreased
motivation [1]. A parallel to findings in
cockroaches is abulia, seen in some
stroke patients or following specific
brain injuries [9]. In this condition, an
individual’s ability to initiate
movement is impaired without
apparent motor deficits. These
patients show decreases in
spontaneous movements and speech,
although they can still do so when
sufficiently motivated. In the literature,
these types of deficits are broadly
attributed to diminished motivation,
although the specific mechanisms are
still unknown. Furthermore, as the
lesions that can produce abulia are
often restricted, the situation parallels
the effects of venom in particular
areas of the cockroach brain.
Interestingly, some research suggests
that these effects in humans are
mediated by circuitry that utilizes
dopamine as a neurotransmitter [10],
as has been shown for elements in
the cockroach brain. Thus, future
research could be directed in
cockroaches toward understanding
how the elements affected by the
venom normally produce initiation of
movement and the mechanisms by
which dopamine mediates these
functions. Overall, these experiments
also demonstrate the productivity of
the growing field of study of animal
venoms: predators coevolve with their
prey and some of the most effective
pharmacological mechanisms are the
result of evolution.
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R527Octopus Conditioning: A Multi-Armed
Approach to the LTP–Learning
Question
A recent study shows that avoidance conditioning in the cephalopod Octopus
vulgaris is mediated by long-term potentiation (LTP), a form of synaptic
plasticity thought to be important in vertebrate associative learning. Thus,
LTP appears to be an evolutionarily conserved learning mechanism.David L. Glanzman
All animals learn. But are the biological
mechanisms of learning and memorysimilar across phyologenically diverse
animal species? This important
question is addressed in a recent
Current Biology paper from Shomratet al. [1]. First, some background.
In 1973 Tim Bliss and Terje Lømo [2]
reported that synapses in the rabbit
hippocampus undergo persistent
strengthening following a brief bout of
high-frequency electrical stimulation.
This phenomenon, known as long-term
potentiation (LTP), is now widely
recognized as the most prominent
candidate for a cellular mechanism of
learning and memory. Nonetheless,
firmly establishing that LTP actually
mediates learning has proved
extraordinarily difficult [3]. First,
experimenters have struggled mightily
just to prove that LTP is induced in
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R528the hippocampus during learning by
an animal (see [4] for a recent attempt).
Second, it is practically impossible,
using currently available experimental
Pretraining
or LTP
MSF VL
MSF
tract
Stimulating
electrode
A
B
Current Biology
Figure 1. Experimental method for testing the
effects of LTP/median superior frontal tract
transection on avoidance learning in the
octopus.
(A) Prior to avoidance training animals were
pretrained to attack a white ball. They were
rewarded for attacking the ball with food
(here a crab). (B) Experimental manipulations.
Following pretraining, animals were anesthe-
tized and their brains exposed. The animals
were subjected to surgical transection of
the tract from the median superior frontal
lobe (MSF) to the vertical lobe (VL), to high-
frequency stimulation of the median superior
frontal-vertical lobe system, or to sham sur-
gery/high-frequency stimulation. After sur-
gery/tetanization the animals were allowed
to recover for 75 minutes before subsequent
training. Note that there are approximately
25 million amacrine cells and approximately
65,000 large cells in the vertical lobe. The
axons of the large cells constitute the
only output pathway from the vertical lobe.
The axons of the median superior frontal
tract are the major neural input to the
vertical lobe.technologies, to unambiguously
demonstrate a requirement for
potentiation of a specific population
of hippocampal synapses in, say,
learning by a mouse of the position of
a hidden platform in a water maze.
Two major experimental approaches
have been taken to prove that LTP is
required during learning. The type of
LTP that has received the most
attention by learning and memory
researchers depends on activation of
N-methyl-D-aspartate (NMDA)-type
glutamate receptors; therefore,
researchers have attempted to block
NMDA receptor activity during learning,
either pharmacologically [5] or
genetically [6]. However, it is hard in
practice to rule out indirect effects of
the experimental manipulations. For
example, a genetic lesion of NMDA
receptors, even one restricted to
a specific brain region, might disrupt
a neural circuit whose normal
functioning is a prerequisite for the
formation of a learned association by
the genetically altered animal. Such
a result would not prove that NMDA
receptor activity is required for the
formation of the association per se.
Another approach has been to
‘saturate’ LTP — that is, to electrically
potentiate synapses in the
hippocampus to the maximum extent
possible — and then examine the
effect on learning. If LTP mediates
acquisition of a given task, blocking
the induction of LTP during learning
through prior saturation should prevent
an animal fromacquiring the task. It has
been reported that saturation of LTP
in the hippocampus impairs spatial
learning in the rat [7]. But the results of
LTP saturation studies can be difficult
to interpret. Besides the potential
contribution of indirect effects of the
electrical stimulation to any learning
impairment, negative results may be
obtained if the stimulation fails to
actually saturate LTP, or if the learning
can be achieved through an alternative
brain mechanism.
Shomrat et al. [1] examined the effect
of saturating LTP in the octopus’s
brain on learning and retention by
the animal in an avoidance task.
Researchers have long been intrigued
by the sophisticated learning
capabilities [8,9] and vertebrate-like
central nervous system of this animal.
Despite being a mollusk, the octopus
has a centralized brain that contains
about 45 million neurons [10]. (By
comparison, the cerebral cortex of therat contains about 25 million neurons.)
An important region of the octopus
brain for learning and memory is the
vertical lobe, the structure that is
hierarchically the highest in the
octopus brain. Similar to the effect of
hippocampal lesions on certain
mnemonic tasks [11], lesions of the
vertical lobe can impair the octopus’s
ability to learn new tasks, or to
remember a previously learned task [8].
The vertical lobe consists of two cell
types, the small amacrine interneurons
and the ‘large’ neurons, onto which
the macrine interneurons converge.
The vertical lobe receives inputs
from the median superior frontal lobe
(Figure 1B). Each axon of the median
superior frontal tract makes en passant
synapses with many amacrine cells
in the vertical lobe. In 2003, a group
headed by Hochner and Fiorito (the
senior authors of the Current Biology
paper [1]) showed that high-frequency
stimulation of the median superior
frontal tract produces LTP of the
synapses in vertical lobe [12]. The LTP
was independent of NMDA receptor
activity, despite the fact that NMDA
receptors are expressed in
cephalopods [13,14]. (Note that NMDA
receptor-independent LTP has also
been described in the mammalian
hippocampus [15,16].) The discovery of
LTP in the vertical lobe set the stage for
the experiments of Shomrat et al. [1].
Shomrat et al. [1] first pretrained
octopuses to attack a white ball for
a food reward (Figure 1A). Then,
one-to-three days later they
anesthetized some of the animals and
subjected them to either median
superior frontal tract transection (see
below) or repeated, high-frequency
electrical stimulation of the median
superior frontal-vertical lobe system
(Figure 1B). Other octopuses were
given sham surgery without the
high-frequency stimulation. That
the stimulation actually induced LTP in
the vertical lobewas confirmed through
subsequent tests in brains isolated
from a subset of the animals. After
recovery from surgery/electrical
stimulation, experimental and control
octopuses were trained to avoid a red
ball. During training the ball was
presented to an octopus and the animal
was punished with a strong shock if
it attacked (Figure 2). The octopuses
were trained until they reached a
criterion of not touching the ball for four
consecutive presentations. One day
later the octopuses’ long-term memory
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R529was assessed by quantifying its
avoidance of the red ball. Animals that
had received the tetanic stimulation
attacked the ball significantly more
often than either animals that received
sham tetanization or other control
animals that had not been shocked for
attacking the red ball during training.
Shomrat et al. [1] also examined
the effect of transecting the median
superior frontal tract on memory in this
paradigm. Transection of the median
superior frontal tract, like vertical lobe
tetanization, impaired the long-term
memory of the octopuses afteravoidance training. Therefore,
long-termmemory for this taskdepends
on circuits within the vertical lobe.
Importantly, both the tetanized and
median superior frontal-transected
animals learned to avoid the red ball
during the training period, although the
median superior frontal-transected
animals took significantly longer
than controls to reach criterion.
(Interestingly, the induction of LTP
appeared to accelerate the
performance of the tetanized animals
during training.) Therefore, short-term
memory isnotstored in thevertical lobe.These results, as well as implicating
LTP in avoidance learning in the
octopus, demonstrate a clear
segregation of short-term and
long-termmemory systems in the brain
of this animal. Short-term memories
are stored within the neural circuits that
produce the attack behavior, whereas
consolidated memories are stored in
the vertical lobe (at least for the first
24 hours). In its separation of the sites
of short-term and long-term memory
storage, the brain of the octopus
resembles those of vertebrates [11].
To return to the original issue, will
Shomrat et al.’s [1] findings convince
the LTP-learning skeptics? It is unlikely.
These cantankerous individuals
resemble global warming skeptics in
their obstinate refusal to consider the
scientific evidence in its totality.
Furthermore, most researchers who
work on vertebrate LTP do not read
invertebrate papers (or, if they do, one
would never know it from their citation
practices). Nevertheless, the paper by
Shomrat et al. [1] adds to the growing
evidence that neither LTP nor NMDA
receptors are unique to the vertebrate
brain but, rather, are expressed in
invertebrate nervous systems, where
they mediate learning and memory
[17–19]. Minds, like bodies, are
products of evolution.References
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Figure 2. Test of the effect of LTP/median superior frontal transection on avoidance learning
and memory.
The octopuses were trained to avoid the red ball. If an octopus attacked the red ball when it
was presented, it received a strong electric shock (upper left-hand panel). Training continued
until the animal did not touch the red ball for four consecutive presentations. The next day the
red ball was presented again to the animals (upper right-hand panel). Control animals showed
long-term memory by avoiding the ball (lower left-hand panel). By contrast, long-term memory
was disrupted in animals that had been subjected to LTP-inducing stimulation or median
superior frontal (MSF) tract transection prior to training. The experimental animals attacked
the red ball (lower right-hand panel).
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For us humans, cooperation is
a fundamental feature of our life,
essential for our societies and cultural
achievements. No wonder that
explaining the evolution of human
cooperation, its maintenance and its
cognitive underpinnings is one of the
hottest topics in science [1]. In the
animal kingdom, cooperation can take
many forms [2], from interactions
of genetically related individuals,
exemplified in eusocial insects such as
bees, ants and termites, to interactions
between different species, such as
the mutualisms observed between
ants and plants. Of particular interest
for cognitive scientists are systems
in which individuals flexibly decide
whether or not to cooperate in
a given situation and selectively
choose among potential cooperation
partners that possess different
qualities. Such flexible decisions have
been described for species of different
taxonomic groups, ranging from
mammals to birds and fish, that team
up for accessing food, raising young,
avoiding predators and defending
resources [3–5]. Well-known examples
are the cooperative hunting of
carnivores [6] and coalition formation
during fights in primates [7]. The
difficulty with these types of naturally
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apart different phenomena like
mutual attraction towards a
resource, coordination among
individuals, and understanding of
the others’ roles.
Experimental work on the cognitive
aspects of cooperation has focused
on problem solving in the foraging
context, with individuals working
together to gain access to food [8,9]
or taking turns in producing and
sharing food [10]. In these experiments
manipulations were made to: the
accessibility of food, so that it can be
reached without the help from others;
the distribution of food, so that it can or
cannot be shared with ease; and the
role and availability of partners, so that
different strategies are possible [11].
Depending on the paradigm,
individuals are thus tested for their
understanding of when cooperation is
necessary (if a goal can be achieved
alone), how cooperation works (who
is taking which role) and who is an
effective cooperation partner.
Surprisingly perhaps, studies have only
been conducted with a limited number
of species, mostly non-human
primates.
Seed et al. [12] have now reported
a novel and important advance in our
understanding of the cognitive
underpinnings of cooperation: they
have shown that the rook, a member
of the crow-family Corvidae, is capablereceptors mediate olfactory learning and
memory in Drosophila. Curr. Biol. 15,
603–615.
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task (Figure 1) but apparently shows
little sensitivity to the need for
a partner. These results are interesting
in two ways: on the one hand, they
support the idea that corvids are able
problem solvers; but on the other hand,
they challenge the idea that the birds
have an understanding of the problem.
The latter is surprising: over the past
decade studies on social cognition
have described capacities in corvids,
such as tactically deceiving others or
judging the others’ perspective [13,14],
which rival those found in non-human
primates, even apes [15]. Importantly
for the new study [12], rooks live in
societies that differ from those of
most primates. They form long-term
affiliative relationships with one or two
individuals, who tend to support one
another during fights and regularly
share food [16]. Seed et al. [12]
therefore argue that rooks could be
expected to cooperate when accessing
food in an experimental setting. But
their reliance on a relatively small
network of valuable relationships
raises the possibility that their
understanding of cooperation is
different from that of primates such
as chimpanzees, who have access to
a large biological market [17], forming
short- and long-term relationships
with a varying number of individuals.
In their study, Seed et al. [12]
provided rooks with food on a platform
that was placed outside their cage but
could be reached by pulling on a string.
Because the string was threaded
through metal loops on the platform,
with both ends extending into the
test-compartment, pulling from only
one end was ineffective and resulted
in an unthreaded string; to successfully
